Abstract. Benthic microalgal communities often contribute more than 30% of the primary production of shallow coastal and estuarine areas. At Muka Head Penang (Pulau Pinang) and the Songsong Islands (Pulau Songsong), Kedah, Malaysia, high concentrations of suspended solids and phytoplankton biomass (10.6 mg Chl a m −3 ) has reduced water clarity such that the euphotic zone of these areas is less than 2 m and 3 m deep respectively. The benthic microalgal communities, which were composed of the diatom genera Cocconeis, Fragilaria, Paralia and Pleurosigma, had a low biomass, had low maximum quantum yields (0.325 ± 0.129), were poorly adapted to their light environment and were constantly light limited. These characteristics suggest that the benthic microalgal communities were likely to have made only a minor contribution to the total primary production of the area.
Introduction
Benthic microalgal communities (microphytobenthos) serve a crucial ecological role in shallow marine benthic environments by both providing a food source for invertebrate grazers and stabilising the sediment substrate (Underwood 1994) . They are major contributors to the total primary production of shallow marine areas (Underwood and Kromkamp 2000) , often contributing more than 30% of the total annual production. Cahoon and Cooke (1992) reported a benthic biomass about four times higher than that of the phytoplankton and primary production equivalent to ∼26% of the total annual production in an open shelf area, Onslow Bay, North Carolina, with water depths between 16 and 33 m. Daehnick et al. (1992) also reported a high benthic biomass in Mississippi Sound but a net production contribution of only 17%. However, Thom and Albright (1990) from Puget Sound, Bunt et al. (1972) from the tropical Caribbean Sea and Matheke and Horner (1974) from the Chukchi Sea, Alaska, all reported a benthic microalgal contribution of around 50% to the total annual primary production in shallow areas. The most significant contributions are in areas less than 10 m deep; beyond this depth, contributions are mostly minor (Blackford 2002) .
Although the phytoplankton primary productivity (Musikasung et al. 2000) and phytoplankton taxonomy (Boonyapiwat 1999) of Peninsula Malaysia have been studied in detail, little is known of the benthic microalgae. Here we investigate the significance of the benthic microalgae at shallow coastal sites at Muka Head and the nearby Songsong Islands, Penang, and seek to identify the most likely source of environmental stress.
Muka Head is located on the north-west shore of the island of Penang (Pulau Pinang) on the eastern shore of the Straits of Malacca (Melaka). The Strait is relatively shallow, with a maximum depth of only 70 m and a tidal range of less than 1 m. Previous investigations have shown that the sea-surface temperatures are between 28 • C and 33 • C and wave energy is low (Ku-Kassim and Mohd-Nasir 2000). Water clarity is typically low, with total suspended solids up to 18.2 mg L −1 (Ku-Kassim 2001) . Further to the north at Songsong Island (Pulau Songsong), away from the influence of Malacca Strait, the clarity is generally higher, 0.5-2.4 mg L −1 (Ku-Kassim 2001). The climate of Peninsula Malaysia is controlled by seasonal monsoon winds: the north-east monsoon extending between November and March and the south-west monsoon from May to September. In Penang, rainfall is mostly associated with the south-west monsoon. In the Malacca Straits area, this period of heavier rainfall results in more turbid water, principally as a result of high river discharge from the nearby island of Sumatra.
Materials and methods

Study area and field sampling
Benthic sediments were collected from a short transect adjacent to the Muka Head jetty to a depth of 2 m (at low tide) (Fig. 1 ) on 2-3 October 2003. The tidal range during this period was ∼0.8 m. The jetty is only used by small boats to access the Muka Head marine field station, so there is little disturbance to the sediments. Additional samples from clearer water, further offshore were collected from 4 m depth in the Songsong Islands (5 • 48.552 N, 100 • 17.890 E) (Fig. 1) on 1 October 2003. The triplicate sediment samples were collected by diver using a 5-cm diameter perspex core tube. The top 0.5 cm was extruded from the core at the surface and immediately transferred to the cuvette of the pulse amplitude modulation (PAM) fluorometer (Water-PAM, WALZ, Effleberg, Germany).
Taxonomic composition of phytoplankton was based on a count of 200 living cells collected with a 20 µm phytoplankton net and examined immediately. Benthic microalgal taxonomic composition was based on material pipetted from the surface of the sediment cores and also examined live.
Water quality measurements
Water quality measurements at the sampling locations (temperature, salinity, pH, dissolved oxygen (% air saturation), water column chlorophyll a, photosynthetically active radiation (PAR)) were measured using a Hydrolab Datasonde 4a (Hach, Loveland, CO). Measurements were made once a minute for a minimum of 20 min. Differences between days, depths and sites were compared using a one-way ANOVA test. The Datasonde was calibrated according to manufacturer's specifications 1 week before use. The euphotic depth was calculated by determining 1% of surface irradiance. Although this approach is relatively simplistic, it was not 
Chlorophyll fluorescence measurements
Chlorophyll fluorescence of the benthic microalgae was measured using PAM fluorometers. The top 5 mm of each sediment core was shielded from direct sunlight during collection, resuspended in 5 mL of filtered seawater and transferred rapidly to the Water-PAM and the light-adapted measurements taken. The samples were then darkened for 15 min and remeasured.
A weak measuring light (0.15 µmol photons m −2 s −1 ) was used to measure the fluorescence yield, while a saturating pulse (>3000 µmol photons m −2 s −1 for 0.8 s) was used to determine the maximum steady-state fluorescence. Chlorophyll fluorescence was detected at wavelengths above 710 nm. The ratio of variable to maximum fluorescence, F v /F m , a measure of the maximal quantum yield of chlorophyll fluorescence, was determined for all samples (Schreiber et al. 1995) . These values are dimensionless ratios.
Rapid light curves (RLCs) were also completed on all samples. An RLC is a light treatment with eight consecutive 10 s intervals of actinic light of increasing intensity with an accompanying yield measurement at the end of each actinic interval (Schreiber et al. 1997; White and Critchley 1999) . Blue-light-emitting diodes (LED) provided the actinic light used in the RLC at concentrations of 0, 92 (or 122), 165, 238, 338, 469, 642, 1046 and 1554 µmol photons m −2 s −1 . Relative electron transport rate (rETR) was calculated by multiplying the irradiance by the quantum yield measured at the end of that interval (Genty et al. 1989) . PAR v. rETR curves were described using the model of Platt et al. (1980) , using multiple non-linear regression-curve-fitting techniques and SYSTAT software (version 5.2 for Macintosh, SYSTAT Inc., http://www.systat.com/, verified October 2005). Data from the RLC was mathematically fitted to a double exponential decay function (Platt et al. 1980 ), but because there was no evidence of photoinhibition, the function reduced to
where P is rETR, P m is the maximum potential rETR in the absence of photoinhibitory processes, α is the initial slope of the RLC before the onset of saturation and E d is the down-welling irradiance (400-700 nm). E k is the photoadaptive index or minimum saturating irradiance (Falkowski and Raven 1997) and is calculated as
Significant differences between results (P < 0.05) were assessed with a one-way ANOVA test.
A qualitative assessment of the benthic chlorophyll a biomass was made using the natural fluorescence (F 0 parameter measured by the Water-PAM). The top 5 mm of the sediment core was resuspended in 5 mL of filtered seawater. The measured value was compared with a set of calibrated samples taken in the same way.
Results
Field conditions and community composition
During the 3-day sampling period (1-3 October 2003) the weather was consistently overcast, with increasing heavy showers towards the end of the third day. The sediment substrate was composed of medium to coarse-grained quartz sand. The benthic microalgal community was composed of the diatom genera Cocconeis, Pleurosigma, Paralia and Fragilaria (Table 1) . The phytoplankton at Muka Head was dominated by Skeletonema costaum, Ceratulina pelagica, Chaetoceros spp., Rhizosolenia spp., Odontella sinensis and Bacteriastrum spp. Dinoflagellates, principally Protoperidinium spp. and Gonyaulax spinifera, comprised ∼5% of the cells (Table 1) . Trichodesmium was present but uncommon. The Muka Head measurements were taken from surface and bottom (2 m at low tide) of the deep site at the end of the Muka Head Jetty. The Songsong Island bottom measurements were taken at a depth of 4 m. Units used: depth (m), temperature ( • C), salinity (psu), Chl a (mg m −3 ), light (µmol photons m −2 s −1 ),
The only microalgae taxa found in both phytoplankton and benthic samples were Pleurosigma sp. and Paralia sulcata.
Water quality measurements
There were no consistent, significant (P < 0.05) changes between any sampling periods in temperature, salinity, pH, chlorophyll a or dissolved oxygen at Muka Head (Table 2 ). Significant (P < 0.05) differences between the surface measurements and those from the bottom were found, but these are small and are not considered important enough to affect the photosynthetic physiology of the benthic microalgae community. At all sampling times there was a reduced dissolved oxygen concentration and increased salinity at the bottom when compared to the surface. There was also a significant difference (P < 0.05) between the pooled values of all variables from Muka Head and from the Songsong Islands. At Muka Head extinction coefficients of light (K ) were uniformly high and between 2.56 m −1 and 4.28 m −1 (Table 2 ). This compares with the much lower values, 0.31-0.41 (average = 0.358 m −1 ), for the clearer waters of the Songsong Islands. From the high extinction coefficients at Muka Head Jetty, a 'euphotic depth' (i.e. 1% of surface irradiance) of between only 1.1 m and 1.8 m can be inferred. Even at Songsong Islands, the 'euphotic depth' would only have been 2.8 m. Thus, all measurements from the deepest and middle sites at Muka Head and from Songsong Islands were always below the 'euphotic' zone.
Benthic microbial biomass was not rigorously measured. However, the in vivo fluorescence measurements of the PAM fluorometer give a qualitative estimate of active chlorophyll a biomass. In all samples, this estimate was between 1.0 mg Chl a m −2 and 0.5 mg Chl a m −2 . Phytoplankton biomass, by contrast, averaged 10.6 mg Chl a m −3 (Table 2) .
Quantum yield
Quantum yield of the benthic microalgae was typically low. The highest value was only 0.550 and the lowest was 0.129. The mean of all quantum yield measurements (n = 59) was 0.325 ± 0.129 and there was no significant difference (P > 0.05) between the dark-adapted and lightadapted measurements. Furthermore, there was no apparent decline in quantum yield from the deep to the shallow site and the difference between the measurements from the deep middle and shallow sites at Muka Head, for both light and dark-adapted samples, were not significant (P < 0.05) (Fig. 2) . Neither was there a significant difference between the data collected at high or low tide. The mean quantum yield of the Songsong Island samples was 0.248 ± 0.140. The temporal trends are erratic and show no strong relationship with time of day.The differences between the Muka Head and Songsong Islands measurements were not significant (P > 0.05). The mean light acclimation parameter, E k , of all readings (n = 59) was 304 ± 118 µmol photons m −2 s −1 . This ranged from a maximum of 529 µmol photons m −2 s −1 at 1020 hours at the middle site (Muka Head) to a minimum of 112 µmol photons m −2 s −1 at 1030 hours at the shallow site (Muka Head). As the light at the middle and deep sites (Muka Head) would have always been less than 20 µmol photons m −2 s −1 , the high E k values suggest that the samples had acclimated poorly to their light environment. Only at the shallow site, with a water depth of less than 0.5 m, are the ambient light concentrations (maximum ∼230 µmol photons m −2 s −1 ) and E k values similar, suggesting reasonable light acclimation. The mean E k value from the Songsong Islands (n = 7) was 383 ± 206 µmol photons m −2 s −1 . The difference between the E k measurements from the Muka Head (shallow, middle and deep) and Songsong Islands samples was not significant (P > 0.05).
rETR max had a mean value of 43.5 ± 23.9. In the darkadapted measurements, there was a drop in value from 50.4 at the deep site, to 48.1 at the middle site to 39.1 at the shallow site. The differences, however, were not significant (P > 0.05). The values from the Songsong Islands were lower than those from Muka Head, 35.1 ± 14.6, but again, the differences were not significant (P > 0.05).
Photosynthetic efficiency, α, was quite low compared to average polar and temperate microalgal communities (Kühl et al. 2001; McMinn and Hegseth 2005; McMinn et al. 2004) . The average of all measurements was only 0.146 ± 0.048 and there was no systematic difference between deep, middle and shallow sites. The values from Songsong Islands were lower still, 0.129 ± 0.053, but the difference was not significant (P > 0.05) (Fig. 2) .
Temporal trends in rETR max , α and E k are poor and erratic. These parameters did not seem to follow standard trends with increasing and decreasing sunlight.
Non-photosynthetic quenching
Non-photosynthetic quenching (NPQ) values for ambient irradiances were very low, less than 0.005. Even at the highest irradiances used (1577 µmol photons m −2 s −1 ), NPQ values were still only 0.33 (Fig. 3 ). There were small differences between the three different sites and between time of day but these differences were not significant.
Discussion
Owing to the low water clarity, both the deep and middle sites at Muka Head (K was between 2.57 m −1 and 1.64 m −1 ) and the Songsong Islands sites (K was between 0.308 m −1 and 0.408 m −1 ) would have always been beneath the euphotic zone on the days on which the measurements were taken. High light extinction coefficients (K) ensured that less than The maximum quantum yield averaged only 0.325 across all samples, which compares with values of ∼0.65 for healthy phytoplankton (Schreiber et al. 1995; McMinn and Hegseth 2005) and benthic microalgal communities (Hartig et al. 1998; Kühl et al. 2001) . This depression of quantum yield such as that found at Muka Head and Songsong Islands usually implies either severe light or nutrient stress (Parkhill et al. 2001) . E k values, which provide an indication of the irradiance at which energy is diverted from photochemistry to heat dissipation and represents the degree of acclimation to the ambient light climate (Schreiber et al. 1997) , were high, 304 µmol photons m −2 s −1 , relative to the actual light concentrations received of less than 20 µmol photons m −2 s −1 at the two sites. A well-acclimated community would be expected to have an E k value similar to the light concentrations actually experienced (Kühl et al. 2001; McMinn et al. 2003 McMinn et al. , 2004 McMinn and Hegseth 2005) . An E k value of over 300 µmol photons m −2 s −1 is more characteristic of high light phytoplankton communities (Strutton et al. 1997; McMinn and Hegseth 2005) than benthic microalgal communities. For instance, beneath thick annual Antarctic sea ice the light-limited microphytobenthos received no more than 10 µmol photons m −2 s −1 and had E k values between 12 and 32 µmol photons m −2 s −1 (McMinn et al. 2004) . Two weeks later, after the ice had broken up and drifted away, the light on the bottom had risen to between 300 and 840 µmol photons m −2 s −1 and the E k value had increased to between 300 and 400 µmol photons m −2 s −1 . This showed both the ability of well-acclimated microphytobenthos to adapt to increased light concentrations and the similarity of their E k values to the ambient light concentrations. Most algal communities are able to constantly adjust their metabolism to maximise their response to light. The apparent lack of response in the Muka Head and Songsong Island microalgal communities has left them poorly adjusted to their light climate. However, a longer monitoring period would be needed to determine the ability of these communities to adapt to their light environment. The photosynthetic efficiency (α) of the two communities is also very low compared to benthic, sea ice and phytoplankton communities elsewhere (Strutton et al. 1997; McMinn et al. 2003 McMinn et al. , 2004 ). This RLC data shows that the microalgal communities from Muka Head and Songsong Island are always light limited. Non-photosynthetic quenching (NPQ) profiles (Fig. 3) show very low concentrations of NPQ at ambient light concentrations. This also demonstrates the light-limited state of these communities. Furthermore, benthic biomass concentrations were very low (<1.0 mg Chl a m −2 ) compared with most comparable shallow ecosystems, where values are typically greater than 10 mg Chl a m −2 and can go up to several hundred mg Chl a m −2 (e.g. Cahoon and Cooke 1992; Thom and Albright 1992; Daehnick et al. 1992; McMinn et al. 2004 . The low values in the Muka Head area suggest a poorly developed, badly adapted and unproductive microalgal community.
The taxonomic composition of the benthic and phytoplankton communities at Muka Head are mostly distinct, with only Pleurosigma sp. and Paralia sulcata occurring in both. The benthic community is similar to benthic or tychopelagic (i.e. resuspended) communities elsewhere and does not appear to be merely the result of settling phytoplankton (Cahoon and Laws 1993; Safi 2003; McQuoid and Nordberg 2003) . Typical phytoplankton taxa (e.g. Skeletonema costatum, Odontella sinensis) comprised less than 5% of the total benthic assemblage. However, the low concentration of light adaptation of the benthic community suggests that it is likely to have been resuspended. The E k values of the benthic microalgae (i.e. ∼300 µmol photons m −2 s −1 ) are far more typical of phytoplankton than benthic communities and imply that much of the community has been recently exposed to a higher light environment. The dominant benthic taxa, Cocconeis spp., are usually associated with epiphytic or epipelic habitats (Round et al. 1990) but it is likely that these cells here must also be allocthonous. If the benthos at depths greater than 1 m is usually beneath the euphotic zone, it would be difficult to ever establish viable benthic microbial mats. Any benthic microalgal biomass at Muka Head or Songsong Island is thus likely to be allocthonous.
At current concentrations of suspended solids, only benthic microalgal communities less than 0.5 m deep are above the 'euphotic zone' and not severely light limited. Benthic biomass concentrations were very low, between 1.0 and 0.5 mg Chl a m −2 , which compares with 10.6 mg Chl a m −3 , phytoplankton biomass. Therefore, the benthic microalgal mats made only a negligible contribution to the total primary production in the Muka Head area. This is in contrast to many polar, temperate and tropical estuaries, lagoons and shallow seas where benthic microphytobenthos at depths less than 10 m can contribute up to 50% or more of the primary production (Bunt et al. 1972; Matheke and Horner 1974; Thom and Albright 1990) .
The present study represents a snapshot of the state of acclimation of the benthic microalgal community in the Penang area. Clearly, a time series study would give a clearer picture as to whether the poor state of acclimation observed is a transient, seasonal or permanent characteristic. It would also allow a better estimate of the net contribution the benthic microalgal community makes to the net primary production of the area.
